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Accumulating evidence indicates that a common set of genes and mechanisms regulates the developmental processes of
a variety of triploblastic organisms despite large variation in their body plans. To what extent these same genes and
mechanisms are also conserved among diploblasts, which arose earlier in metazoan evolution, is unclear. We have character-
ized a hydra homologue of the fork head/HNF-3 class of winged-helix proteins, termed budhead, whose expression patterns
suggest a role(s) similar to that found in vertebrates. The vertebrate HNF-3b homologues are expressed early in embryogene-
sis in regions that have organizer properties, and later they have several roles, among them an important role in rostral
head formation. In the adult hydra, where axial patterning processes are continuously active, budhead is expressed in the
upper part of the head, which has organizer properties. It is also expressed during the formation of a new axis as part of
the development of a bud, hydra's asexual form of reproduction. Expression during later stages of budding, during head
regeneration and the formation of ectopic heads, indicates a role in head formation. It is likely that budhead plays a critical
role in head as well as axis formation in hydra. q 1997 Academic Press
INTRODUCTION nents (Sternberg, 1993; Kayne and Sternberg, 1995; Wasser-
man et al., 1995).
The evolution of multicellular animals has resulted in Given these ®ndings, it has become a major goal in biol-
the generation of a diverse set of body plans. Although we ogy to understand how changes at the molecular level cause
are still largely ignorant of the evolutionary processes by body plans to evolve. In pursuit of this goal, most current
which such diversity arose, studies of several model organ- efforts are concentrated on a very limited number of model
isms have revealed a remarkable conservation of some of systems, all of which are triploblastic organisms, yet early
the molecular components which are responsible for the metazoans were diploblastic. Until recently, modern diplo-
elaboration of the body plan. Genes which encode Hox tran- blastic organisms have been largely ignored as material for
scription factors, factors which are responsible for regional investigating the evolution of developmental pathways.
identity, are conserved both structurally and, even more However, such studies in diploblastic animals provide us
surprisingly, functionally in animals as diverse as mam- with the intriguing prospect of being able to de®ne the
mals, insects, and nematodes (e.g., McGinnis et al., 1990; ``minimal set'' of pathways and molecules which served as
Hunter and Kenyon, 1995). Studies of signal transduction the starting point for the generation of the body plans seen
pathways used for various developmental processes have in modern animals (Shenk and Steele, 1993).
shown that these pathways can also be highly conserved. One of the earliest diverging metazoan phyla for which
For example, the pathways used to specify such diverse de- tractable developmental systems are available is the phy-
velopmental processes as the formation of a photoreceptor lum Cnidaria. The more primitive sponges have differenti-
in the ¯y eye and the formation of the nematode vulva are ated cells, but the diploblastic cnidarians are the simplest
modern animals that have a tissue-layer organization. Ofvirtually identical with regard to their molecular compo-
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even more signi®cance for the study of the evolution of doderm, takes place over a large area early in the formation
of a new axis, and gradually contracts to a speci®c region,developmental processes, they have distinct body plans.
The body plan is very simple, consisting of a single axis the lower hypostome, as the head develops. These results
suggest that budhead and members of the fork head/HNF-with radial symmetry. For example, hydra, the most studied
cnidarian, is a two-layered tube (ectoderm and endoderm), 3 class found in triploblastic organisms play similar devel-
opmental roles.with a head consisting of mouth and a ring of tentacles at
the apical end and a holdfast or foot at the basal end.
Molecular studies of hydra have revealed that the remark-
able conservation of structure and function seen for various MATERIAL AND METHODS
classes of developmental regulatory genes also extends to
cnidarians. A number of homeobox genes have been isolated Animals and Culture Conditions
from Cnidaria (Schierwater et al., 1991; Murtha et al., 1991;
Strains of two different species of hydra were used: the BaselMiles and Miller, 1992; Schummer et al., 1992; Shenk et
strain of Hydra vulgaris (provided by T. Holstein) and the 105 andal., 1993a,b; Naito et al., 1993; Aerne et al., 1995; Kuhn et
reg-16 strains of Hydra magnipapillata (provided by T. Sugiyama).al., 1996; Grens et al., 1996). In hydra their expression pat-
Hydra were maintained at 187C in hydra medium (1 mM CaCl2,terns have been associated with regional speci®cation along
1.5 mM NaHCO3, 0.1 mM MgCl2, 0.08 mM MgSO4, and 0.03 mMthe apicobasal axis, as in organisms of other phyla. Two of KNO3). Animals were fed freshly hatched Artemia salina nauplii
them are Hox genes. Cnox-2 is expressed in the body col- three times a week, and the medium was changed daily.
umn (Shenk et al., 1993a,b), while Cnox-3 is expressed in
presumptive head tissue (Shenk et al., in preparation). An-
other is an NK-2 homologue, CnNK-2, which is found in Isolation and Characterization of Hydra Fork Head
the basal end of the axis when a foot is developing (Grens Genes
et al., 1996). The most dramatic example of such conserva-
A cDNA library from adult H. vulgaris (Sarras et al., 1994) wastion has come from the ®ndings of Grens et al. (1995), which
screened using PCR and fully degenerate primers encoding threedemonstrated that the hydra CnASH gene, a relative of the
conserved amino acid sequences from the fork head domain, KPP-
Drosophila achaete-scute class of bHLH genes, can substi- YSY, DCFKI/VP, and PGKGSY. PCR was carried out using the
tute for the achaete and scute genes in carrying out the conditions described by Mackem and Mahon (1991) for isolation
speci®cation of the precursors of sensory neurons and asso- of fork head genes from mouse. Fragments of three fork head genes
ciated cells in the ¯y. were obtained. Sequencing of the PCR fragments, as well as of
In broadening the search for homologies between hydra clones obtained by screening the cDNA library with these PCR
fragments, was carried out using standard procedures as describedand more complex animals, we examined another family of
in Sambrook et al. (1989). Additional fragments of the genes corre-regulatory genes, the ``fork head'' or ``winged helix'' genes
sponding to two of the clones were obtained with 3* RACE (Froh-(for review, see Kaufmann and KnoÈchel, 1996). Within this
man et al., 1988). The size of the transcript of one of the genes,family, members of the fork head/HNF-3 class in particular
termed budhead, was determined by Northern analysis using stan-play a critical role in the early events of embryogenesis.
dard procedures described previously (Shenk et al., 1993a; Grens
Fork head, the Drosophila member of this class, is a home- et al., 1996). Five micrograms of poly(A)/ RNA was size-fraction-
otic gene which is required for proper development of termi- ated by electrophoresis, transferred onto a nitrocellulose mem-
nal regions, including the establishment of foregut and brane, and probed for budhead using the cDNA clone of the bud-
hindgut (Weigel et al., 1989). HNF-3b (mouse), XFKH1/pin- head gene as a probe. Blots were washed at 657C with 0.11 SSC
tallavis (Xenopus), and axial (zebra®sh), also members of plus 0.01% SDS.
this class, are expressed in the organizing region just prior
to as well as during gastrulation, suggesting a role in axis
In Situ Hybridizationformation (Dirksen and Jamrich, 1992; Ruiz i Altaba and
Jessell, 1992; Monaghan et al., 1993; StraÈhle et al., 1993). Whole-mount in situ hybridization was performed using a method
Each of these vertebrate genes also plays a role in the devel- based on the procedures of Harland (1991), Nardelli-Hae¯iger and
opment of the dorsal mesoderm and is involved in neural Shankland (1992), and Wilkinson (1992). Animals were relaxed for
tube patterning (KnoÈ chel et al., 1992; Ruiz i Altaba and 1 min with 2% urethane in hydra medium and ®xed overnight in
4% paraformaldehyde in hydra medium at 47C. Following ®xation,Jessel, 1992; Ruiz i Altaba et al., 1993; Ang and Rossant,
samples were washed for 5 min each in 100% ethanol, 75% ethanol±1994; StraÈhle et al., 1993; Sasaki and Hogan, 1994;
25% PBT (PBS / 0.1% Tween 20), 50% ethanol±50% PBT, 25%Weinstein et al., 1994).
ethanol±75% PBT, and three times in PBT. Thereafter, they wereWe have cloned a fork head gene from hydra, budhead
incubated in 10 mg/ml proteinase K (Boehringer Mannheim) for 10(bdh), which encodes a protein structurally related to the
min. Proteinase K digestion was stopped by washing with 4 mg/mlfork head/HNF-3 class of winged helix proteins. The ex-
glycine in PBT for 10 min, and the glycine was removed by washing
pression of budhead was analyzed in various develop- twice for 5 min each in PBT. Samples were then treated twice for
mental situations: during budding, hydra's mode of asexual 5 min each with 0.1 M triethanolamine, pH 7.8, and acetylated with
reproduction which involves the formation of a new axis; two treatments of 5 min each with 0.25% acetic anhydride in 0.1
during head regeneration; and in ectopically induced sec- M triethanolamine. After two PBT washes of 5 min each, animals
were ®xed with 4% paraformaldehyde for 20 min, washed 51 5ondary axes. Budhead expression, which occurs in the en-
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FIG. 1. (A) Predicted amino acid sequences for the fork head domains encoded by three hydra fork head genes. Dashes indicate residues
are identical with those in budhead. (B) cDNA and predicted amino acid sequences for hydra budhead. The ®rst shaded region corresponds
to the fork head domain, and the other two correspond to the transcriptional activation domains II and III.
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FIG. 2. Most parsimonious phylogram describing the relationships among fork head proteins. The 110 amino acids of the fork head
domain were used as characters. Branch lengths are proportional to the number of changes assigned to that branch. The tree was rooted
using the yeast proteins Hmc1 and FHL1 as outgroups. The references for the sequences are as follows: fork head (Weigel et al., 1989),
HNF-3b (Sasaki and Hogan, 1993), axial (StraÈhle et al., 1993), pintallavis (Ruiz i Altaba and Jessell, 1992), FD3 and FD5 (HaÈcker et al.,
1992), lin-31 (Miller et al., 1993), FKH2 and FKH4 (Kaestner et al., 1993), C47G2.2 (Wilson et al., 1994), c-qin (Chang et al., 1995), BF1
(Tao and Lai, 1992), slp1 (Grossniklaus et al., 1992), pes-1 (Hope, 1994), MNF (Bassel-Duby et al., 1994), ILF (Li et al., 1991), HFH4
(Clevidence et al., 1993), XFKH5 (Dirksen and Jamrich, 1995), Hmc1 (Zhu et al., 1993), and FHL1 (Hermann-Le Denmat et al., 1994).
min in PBT, and then heat-treated at 807C for 30 min to remove tRNA, 100 mg/ml heparin, 11 Denhardt's, 0.1% Tween 20, and
0.1% CHAPS), and then prehybridized in fresh HS for at least 2 hendogenous alkaline phosphatase.
Hybridization on the ®xed animals was carried out as follows. at 557C. Thereafter, the animals were hybridized for approximately
60 h at 557C in HS containing 0.04 ng/ml of a digoxygenin-labeledPrior to hybridization, samples were washed for 10 min in 50%
PBT±50% hybridization solution, washed for 10 min in hybridiza- probe. The budhead sense and antisense RNA probes (231 bp) were
labeled with digoxygenin±rUTP using the DIG RNA labeling kit astion solution (HS; 50% formamide, 51 SSC, 200 mg/ml yeast
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FIG. 3. Amino acid sequence alignments of the conserved fork head and transcriptional activation domains of budhead and other fork
head proteins. (A) Fork head domains. H1, H2, and H3 indicate the three a-helical domains, while W1 and W2 refer to the two wing-like
regions. (B) Activation regions II and III. Dots indicate identity with residues in budhead, while dashes indicate gaps. hv, H. vulgaris; d,
Drosophila melanogaster; z, zebra®sh; x, Xenopus laevis; m, mouse. The references for the sequences are as follows: fork head (Weigel
et al., 1989), axial (StraÈhle et al., 1993), pintallavis (Ruiz i Altaba and Jessell, 1992), HNF-3a and HNF-3b (Sasaki and Hogan, 1993), and
HNF-3g (Kaestner et al., 1994).
described by the manufacturer (Boehringer Mannheim). Following purple AP substrate (Boehringer Mannheim) at 377C in complete
darkness for approximately 1 h. Staining was stopped by washinghybridization, animals were successively washed at 557C with
100% HS, 75% HS±25% 21 SSC, 50% HS±50% 21 SSC, 25% HS± animals with ethanol for 10 min. Thereafter, animals were
mounted in Euparal (Asco Laboratories, Manchester, UK). In all75% 21 SSC for 5 min each, and ®nally, twice with 21 SSC±0.1%
CHAPS for 30 min. experiments, 10±20 animals were analyzed per sample.
In one experiment the levels of budhead expression at differentThe binding of the anti-digoxygenin antibody and subsequent
staining involved the following. Hybridized animals were washed times after tissue manipulation were compared by estimating the
level of the intensity of stain among the samples. The visual differ-twice in MAB (100 mM maleic acid, 150 mM NaCl, pH 7.5) for 10
min at room temperature, preblocked with MAB/BSA (MAB, 1% ences in intensity were rated on an arbitrary scale of 1 to 5.
BSA, 10% NaN3) for 1 h, and blocked with 80% MAB/BSA±20%
heat-inactivated sheep serum (Sigma) for at least 2 h. Then, animals
were incubated overnight at 47C in the solution of preabsorbed Fab Tissue Manipulations
fragments diluted 51 to a ®nal dilution of 1:2000 in 80% MAB/
BSA±20% sheep serum. [Alkaline phosphatase-conjugated anti-di- Regeneration experiments were carried out as follows. For head
regeneration in normal hydra, animals of the Basel strain of H.goxygenin Fab fragments (Boehringer Mannheim) were diluted
1:400 in 80% MAB/BSA±20% sheep serum, and preabsorbed for at vulgaris were bisected either directly beneath the tentacle zone
or halfway down the body column. In addition, animals of theleast 2 h against ®xed hydra before being used.] To remove unbound
anti-digoxygenin Fab fragments, animals were thoroughly washed regeneration-de®cient strain of H. magnipapillata, reg-16, were bi-
sected in the middle of the body column. After bisection, the lowerin MAB 81 for 1 h each at room temperature, and then incubated
overnight in MAB at 47C. Before staining, polyps were washed for halves were incubated at 187C, and periodically thereafter groups
of 10±20 animals were analyzed for budhead expression during10 min with alkaline phosphatase buffer, NTMT (100 mM NaCl,
100 mM Tris, pH 9.5, 50 mM MgCl2, 0.1% Tween 20), and 5 min head regeneration using in situ hybridization on whole mounts. To
examine foot regeneration, the upper halves of animals bisected inwith 1 mM levamisole in NTMT. Animals were stained with BM
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the middle of the body column were allowed to regenerate. Samples class that includes lin-31 (Caenorhabditis elegans), FD5
of animals were ®xed periodically and analyzed for budhead expres- (Drosophila), and FKH4 (mouse), while Hyfkh2 belongs to
sion as above. a more distantly related class which includes HFH4
To induce ectopic tentacle and head formation in the body col- (mouse), and XFKH5 (Xenopus).
umn, H. magnipapillata (strain 105) polyps were treated with a A more detailed analysis was carried out for budhead.
combination of diacylglycerol (DAG) and arachidonic acid (AA) as
The complete DNA and predicted amino acid sequencesdescribed by MuÈ ller (1990). Speci®cally, animals were exposed to
are shown in Fig. 1B, indicating the gene has an open read-a solution consisting of 0.1 mM 1,2-dioctanoyl-sn-glycerol (C8:0)
ing frame of 963 bases (321 amino acids). Northern analysisplus 0.1 mM arachidonic acid in hydra medium. The solution was
revealed that the gene produces a single transcript approxi-made fresh before each treatment and sonicated for 30 s before
application. Animals were treated once daily over a period varying mately 1.4 kb in length (data not shown). A more detailed
from 2 to 10 days. During the ®rst day of treatment animals were comparison (Fig. 3A) with other members of the fork head/
exposed to the DAG/AA solution for 30 min, while on the follow- HNF-3 class shows a high degree of conservation of amino
ing days the exposure lasted 2 h. After each exposure, animals were acid sequence in the three helical regions (H1, H2, and
thoroughly washed with hydra medium. After completion of the H3) as well as in the two wing-like regions (W1 and W2).
treatment, animals were analyzed for budhead expression using in Further, budhead shares two additional domains with
situ hybridization on whole mounts.
other members of the fork head/HNF-3 class (Pani et al.,
1992). These regions, termed II and III, are required for
transcriptional activation, and are located near the C-ter-Phylogenetic Analysis
minus of the protein (Fig. 1B). As shown in Fig. 3B, these
The evolutionary relationships among 23 fork head genes were regions in budhead share identical amino acids or con-
analyzed using the 110-amino-acid sequence of the fork head do- served changes in the core part of each region known to
main. Genes were chosen in an effort to represent the broadest be required for their function in their homologues (Pani et
possible range of metazoan phyla. In addition to metazoan genes, al., 1992).
two fork head genes from yeast were included in the analysis as
outgroups. Phylogenetic trees were generated using PAUP 3.1.1
(Swofford, 1993). A heuristic search with tree bisection and recon- The Pattern of Budhead Expression in Adult
nection branch swapping was performed (100 replicates, random Animals
addition).
Budhead expression was examined with in situ hybridiza-
tion on whole mounts of adult H. vulgaris. The head of
hydra is made up of two parts. The bottom portion is theRESULTS
tentacle zone from which the ring of tentacles emerges,
while the top portion, the hypostome, which is a dome-Characterization of Three Fork Head Genes from
or cone-shaped structure, contains the mouth. Budhead isH. vulgaris
expressed maximally in a band around the lower half of the
hypostome just above the ring of tentacles (Fig. 4a). It isUsing PCR, fragments of three winged-helix genes were
obtained, which were used to screen a cDNA library from also expressed at a reduced level in the tentacle zone be-
tween the tentacles, but not in the tentacles themselvesH. vulgaris. For two of the genes, clones were obtained that
covered most of the coding region from the initiation codon nor in the apex of the hypostome. Low-level expression
extends into the upper quarter of the body column but rap-through the fork head domain. The remainder of the coding
region was obtained with 3* RACE (Frohman et al., 1988) idly fades out so that it is no longer detectable midway
between the head and the budding zone. There is no expres-for each of the two. For the third gene, a clone was isolated
that contained most of the fork head domain. The predicted sion throughout the basal portion of the body column. No
stain was observed on whole mounts using a budhead senseamino acid sequences of the fork head domains of these
genes, termed budhead, Hyfkh2, and Hyfkh3, are presented probe.
The tissue throughout hydra is composed of two epithe-in Fig. 1A.
A phylogenetic analysis encompassing a larger number of lial layers, the ectoderm and the endoderm, separated by a
basement membrane. The much smaller cells of the inter-fork head genes generated a single most parsimonious tree,
grouping the genes into six different classes (Fig. 2). Bud- stitial cell lineage are interspersed among the epithelial
cells of both layers, although the majority are in the ecto-head belongs to the class including fork head (Drosophila),
HNF-3b (mouse), axial (zebra®sh), and XFD-1/pintallavis/ derm. The staining pattern of budhead indicates that ex-
pression is restricted to the epithelial cells of the endoderm.XFKH1 (Xenopus). Hyfkh3 is a member of a closely related
FIG. 4. Expression pattern of budhead in (A) a budding adult, (B) a developing bud, and (C) a regenerating head of H. vulgaris as detected
by in situ hybridization in whole mounts. Subsequent expression patterns were examined in the same manner as in this ®gure.
FIG. 5. Changes in the budhead expression pattern during budding in H. vulgaris. The developing bud in (D), which is in a stage of
development similar to buds in (C and E), is facing forward instead of to the left as in (A±C and E±H). (I) A detached bud.
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Patterns of Budhead Expression during regenerate, and periodically thereafter samples were ana-
Development of the Head lyzed for budhead expression. Three hours after decapita-
tion, the epithelia of both layers have stretched over and
The establishment and maintenance of a head in adult closed the wound.
hydra has been well characterized at the tissue level (e.g., Budhead expression does not occur at a detectable level
Bode and Bode, 1984). To gain information at a molecular until several hours after decapitation. None is observed at
level about the patterning processes involved, a careful 4 h (Fig. 6, 4 h), but by 8 h the gene is expressed in a diffuse
study of budhead expression was carried out as the head pattern in the upper end of the regenerate (Fig. 6, 8 h). By
developed during budding, regeneration, and ectopic head 12 h expression has intensi®ed and is localized in the regen-
formation. erating tip. This level of expression remains more or less
Budding. Hydra reproduces asexually by budding. A bud constant through 24 h. By 36 h, circles devoid of budhead
is initiated about two-thirds of the distance down the body
expression are observed in the areas where tentacles will
column by the formation of a placode, a circular thickening
form. At this stage the pattern of budhead expression differs
of the ectoderm. Subsequently, the body wall encompassed
slightly from that during budding. In regenerates, budhead
by the placode evaginates, becoming a cylindrical protru-
is expressed with equal intensity immediately above andsion. Eventually a head and foot form at the distal and proxi-
below the developing tentacle ring, while during buddingmal ends, respectively.
the intense area of budhead expression is above the devel-Budhead expression is ®rst observed in a small circular
oping ring only. After 48 h of head regeneration, however,area of the endoderm directly beneath the ectodermal plac-
the region of more intense expression has contracted to theode (Fig. 5A; stage 1, Otto and Campbell, 1977). The circle
familiar region in the hypostome above the tentacle ringof tissue expressing budhead expands to include most of
(see also Fig. 4B). The ®nal change in the pattern is a de-the tissue that will eventually be incorporated into the bud
crease in the level of expression to that seen in the normal(Fig. 5B; stage 2), according to the fate map of Otto and
adult, which occurs by 72 h.Campbell (1977). Within the circle of expression, the inten-
To extend the correlation between head regeneration andsity is highest in the center, which includes the presump-
budhead expression, the rate of recovery of expression oftive head region. Once the tissue begins to evaginate (Fig.
this gene was examined in animals bisected at different5C; stage 3), the area of higher expression is displaced onto
axial levels. The rate of head regeneration is graded alongthe young bud. During the next stage (stage 4) an area devoid
the body column. That is, a head develops faster in an ani-of budhead expression becomes evident at the apical tip
mal bisected just beneath the tentacles compared to one(Figs. 5D and 5E).
bisected in the middle of the body column (Webster andThereafter, the differences in staining intensity along the
Wolpert, 1966). If the expression of budhead is directly con-axis of the bud markedly increase and begin to delineate
nected to head development, one would expect the rate ofthe different regions of the future head (Fig. 5F; stage 5).
budhead recovery to be slower the farther down the columnExpression becomes very intense in the presumptive hy-
the bisection took place. To test this prediction, animalspostome. Directly below this region, expression decreases,
were bisected immediately under the tentacle ring or inmarking the zone where the tentacles will emerge (Figs. 5G
mid-body column and sampled periodically during the re-and 4C; stage 6). By stage 7 tentacle rudiments which do
generation period. As shown in Fig. 7, the rise in the inten-not express budhead evaginate (Fig. 5H). Expression in the
sity of expression was delayed in animals bisected in mid-hypostome is still very intense at stage 7, while the expres-
body column, corresponding to the relatively slower rate ofsion in the body column has decreased.
head regeneration at this level.In the ®nal stages of budding, budhead expression in the
To determine if the rise in budhead expression is speci®-head begins to decline in intensity as the tentacles elongate
cally linked to head formation and not to a process relatedand the foot forms (Fig. 5H). Just before the bud detaches
to tissue regeneration in general, the expression pattern offrom the parent, the levels of budhead expression become
the gene during foot formation was also examined. The up-similar to those observed in the adult head (Fig. 5I). Up to
per halves of animals bisected in the middle of the bodythis stage in the budding process, the level of budhead RNA
column in the experiment described above were also al-is much higher than that observed in the head of the adult.
lowed to regenerate, and expression was examined periodi-Head regeneration. Regeneration of a head at the apical
cally for 72 h. No expression of budhead was detected at theend of the lower piece after bisection provides another situa-
basal end of the upper half where foot regeneration occurstion in which the patterning of the head can be examined.
Animals were bisected just below the head and allowed to between 4 and 72 h. Since a foot has regenerated in this
FIG. 6. Changes in expression of budhead during head regeneration in H. vulgaris. The elapsed time after decapitation is indicated.
FIG. 8. (A) Expression of budhead in the 105 strain of H. magnipapilatta induced to produce ectopic head structures by treatment with
DAG / AA. The arrow indicates ectopic head structures. (B and C) Expression of budhead 5 days after decapitation in animals of the
reg-16 strain of H. magnipapillata. The animal in (B) was regenerating a head, while the one in (C) was not.
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have a very low capacity for head regeneration (Sugiyama
and Fujisawa, 1977). The extent of regeneration varies from
no sign of regeneration to the appearance of one or more
tentacles or a complete head. The rate of regeneration is
extremely variable. Reg-16 animals were decapitated and
allowed to regenerate. When tentacles formed in the regen-
erating tip, budhead expression was always present (Fig.
8B). When tentacles did not form, budhead expression was
generally absent (Fig. 8C). However, some animals did show
budhead expression in the absence of tentacles, suggesting
that in those animals head regeneration was proceeding very
slowly. Here too, budhead expression is strongly coupled
with head formation.
FIG. 7. Rise in level of budhead expression during head regenera- DISCUSSIONtion in H. vulgaris bisected directly beneath the head (solid circles)
or halfway down the body column (open circles). The level of expres-
The Fork Head/HNF-3 Class of the Winged-Helixsion was estimated based on the staining intensity using an arbitrary
scale of 0±5, in which 5 corresponds to the maximum staining Family of Transcription Factors Was Established
observed in a developing bud of stage 5±6 (Figs. 5F and 5G). Very Early in Metazoan Evolution
Using a PCR-based approach, we have found that hydra
contains at least three genes encoding winged-helix pro-
teins. Assignment of one of them, budhead, to the forktime period, the absence of budhead expression at the basal
end indicates the gene is linked to head patterning alone, head/HNF-3 class of genes was strongly supported by phylo-
genetic analysis of its fork head domain, the DNA bindingand not involved in foot development.
During both head and foot regeneration a transient low region (Fig. 1A). In particular, members of this class are
characterized by ®ve highly conserved amino acids in thislevel of staining is observed 1±2 h after bisection. This
could be due to an initial transient expression that occurred domain: A (at position 9), L (43), Q (51), N (92), and C (98)
(Kaufmann and KnoÈchel, 1996). Hydra has four of these ®veat both regenerating ends as a consequence of injury, or it
could be an artifact of the procedure. amino acids (Fig. 1A). Even more impressive is the extent
of conservation within the structural elements importantEctopic head formation. A third approach to studying
the connection between budhead expression and head pat- for DNA±protein interactions. Amino acid identity within
the three a-helices (Fig. 2; H1, H2, H3) and the two ``wings''terning made use of the formation of ectopic heads. Pro-
longed treatment of hydra with diacylglycerol and arachi- (W1, W2) is over 95%. Within H3, the recognition helix,
and the positions of direct base contact, identity is 100%. Indonic acid raises the gradient of positional value resulting
in the formation of ectopic head structures. These include addition, two other domains, the transcriptional activation
domains II and III, are also conserved between budhead andisolated tentacles, groups of tentacles, and eventually hy-
postomes with tentacles around them (MuÈ ller, 1990). Ani- other members of the fork head/HNF-3 class of winged helix
proteins.mals of the 105 strain of H. magnipapillata were treated
with DAG / AA for 10 days. In the middle of the body The winged-helix family is ancient in origin, being found
in organisms from yeast to vertebrates (Kaufmann and KnoÈ -column a protuberance formed, indicating that multiple
tentacles and eventually ectopic heads would soon be form- chel, 1996). Our phylogenetic tree (Fig. 2) indicates the fork
head/HNF-3 class is perhaps one of the classes of winged-ing within that region. Budhead expression was evident
throughout such areas prior to the formation of structures helix genes that has diverged most recently. That budhead
belongs to the fork head/HNF-3 class indicates that most(Fig. 8A). In animals forming only a few isolated tentacles,
budhead expression was not observed. In addition, DAG / of the evolution of winged-helix genes occurred before the
cnidarians diverged. Since the cnidarians diverged beforeAA treatment intensi®ed the expression of budhead dra-
matically, especially in the area below the hypostome of the metazoan radiation, one would expect to ®nd at least
one member of each of the classes delineated by our phylo-the host head. However, treatment did not extend the area
of expression of the gene farther down the body column genetic analysis in all diploblastic and triploblastic metazo-
ans, provided that they have not lost that particular gene.(Fig. 8A). Hence, budhead is associated with tissue that is
involved in patterning the head, and not the gradient of The placement of budhead in the fork head/HNF-3 family
raises the question as to what extent the developmentalpositional value in the body.
Head formation in regeneration-de®cient mutants. An- roles of members of this family have been conserved
through evolution. In vertebrates, members of the familyother approach to examining the correlation between bud-
head expression and head formation involved the use of are expressed early during axis formation and later, in part,
play a role in the formation of the rostral part of the head. Asanimals of the regeneration-de®cient strain, reg-16, which
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detailed in the following sections, the expression patterns of tial distribution and fairly uniform level of expression found
in the early stages of budding (Figs. 5A±5E), expression isbudhead indicate that this gene plays similar roles in hydra.
sharply increased in the anterior part of the presumptive
head region while at the same time decreasing in the re-
Roles of Budhead during Axis Formation and Head mainder of the bud (Figs. 5F and 5G). Then as the tentacles
Development in Hydra begin to emerge, the pattern is further restricted to the hy-
postomal region, the apical part of the head (Fig. 5H).Axis formation. The body plan of hydra, and in Cnidaria
in general, is radially symmetrical with a single axis, the Similarly, upon decapitation, expression is at ®rst at a
low level and is diffuse in the upper end of the body columnoral±aboral axis. In hydra the formation of this axis occurs
normally during embryogenesis as well as during budding, (8 h). By 12 h the expression level is much higher and is
restricted to the apical tip which will form the head. Thisthe animal's form of asexual reproduction. An axis can also
be induced ectopically on the body column of an adult by pattern is maintained until the head structures emerge by
36±48 h. The timing of the localization of budhead expres-treatment with DAG/AA (MuÈ ller, 1990) or by transplanta-
tion of head tissue. sion correlates well with the change in the ability of this
tissue to form a head as measured in transplantation experi-In the two situations where budhead expression was ex-
amined, axis formation consists of a similar process. During ments. This ability, which is initially low, begins to rise
shortly after decapitation, and by 12 h reaches a maximumbudding an evagination of the body column develops into
a cylindrical protrusion which later develops head and foot in that the tissue is irreversibly committed to forming a
head (Webster, 1971; MacWilliams, 1983). Hence, budheadat the distal and proximal ends, respectively, and eventually
detaches. An ectopically formed axis starts with an evagina- may be a component of the molecular pathway that com-
mits tissue to head formation.tion that develops into a head. Subsequently, the developing
head organizes surrounding tissue into a secondary body Several other results support this conclusion. (1) Budhead
is not expressed during foot regeneration. Hence, the expres-column. Unlike developing buds, these second axes do not
form a foot, but remain attached to the adult. When trans- sion of this gene is speci®c for head formation. (2) The rate
of head regeneration is graded down the body column withplanted to the body column of another animal, the tissue
comprising the initial evagination of a developing bud or a the highest rate found at the apical end (Webster and
Wolpert, 1966; MacWilliams, 1983). Correspondingly, theDAG / AA-induced second axis is capable of again partici-
pating in and inducing the formation of another second axis rise in budhead expression is slower in animals bisected in
the middle of the body column compared to those bisected(Li and Yao, 1945; Sanyal, 1966; MuÈ ller, 1990). This indi-
cates that the tissue of the initial evagination (a) is commit- directly below the head. (3) Finally, in reg-16, a regenera-
tion-de®cient mutant (Sugiyama and Fujisawa, 1977), theted to head formation and (b) is capable of organizing a
second axis. Hence, this tissue acts as an organizer. expression of budhead is extremely variable, corresponding
to the variable time course and extent of regeneration of aThe expression patterns of budhead during the early
stages of budding and DAG / AA-induced second axis for- hypostome in this mutant. For example, those animals that
do not express budhead do not regenerate a head. (4) It ismation suggest that this gene is involved in the initial or-
ganizing process. The ®rst visible sign of a developing bud also plausible that budhead expression re¯ects a high value
of the positional value gradient, which has a maximum inis the formation of an ectodermal placode in the center of
the bud ®eld. It is in the endoderm directly beneath this the head and declines down the body column (MacWilliams,
1983; Bode and Bode, 1984; MuÈ ller, 1993, 1996). However,placode that budhead expression is initially detected (Fig.
5A). Thereafter, expression rapidly spreads in a radial fash- treatment with DAG/AA raises the positional value gradi-
ent throughout the body column (MuÈ ller, 1990) but doesion throughout the endoderm of the tissue that will eventu-
ally be incorporated into the bud (Fig. 5B). This broad range not extend the range of expression of budhead in a basal
direction (Fig. 8A). Hence, it is unlikely that budhead ex-of expression remains during early stages of evagination as
the oral±aboral axis is forming. Similarly, during the forma- pression is directly coupled to this gradient.
Maintenance of the head in the adult. Upon completiontion of ectopic secondary axes due to DAG/AA treatment,
budhead is expressed in the region of the body column of head formation during budding or regeneration, budhead
expression remains in the lower hypostome of the adult.where the ectopic heads and eventually secondary axes will
form (Fig. 8A). As in budding, the domain of budhead ex- Since the animal can live inde®nitely, and the tissue dy-
namics of the adult require that the patterning processespression remains broad as the head is initially forming.
Since the tissue committed to head formation is capable of are constantly active to maintain the form of the animal,
the gene could have a role in the maintenance of the hy-inducing a second axis, this initial expression of budhead
could re¯ect its involvement simply in head formation, or postome.
As in the rest of the adult animal, the tissues of the hy-in organizer activity, or both.
Head formation. At a later stage of development when postome are in a steady state of production and loss of cells.
In the basal part of the hypostome the epithelial cells of boththe structures of the head begin to appear, budhead expres-
sion changes, becoming closely associated with head forma- layers are proliferating (Campbell, 1967a). This expanding
tissue is constantly displaced in an apical direction wheretion. Similar changes were found as the head develops dur-
ing budding and head regeneration. Following the broad spa- the cells cease dividing and differentiate (DuÈ bel, 1989) and
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are eventually sloughed at the tip of hypostome (Campbell, their respective organizer regions very early in development
suggests that the genes and their roles in the mechanism1967b). This pattern of proliferation and differentiation sug-
gests that budhead may have a role in specifying and main- underlying the initiation of the oral±aboral axis in hydra
and the A±P axis in vertebrates are similar. However, thistaining the fate of the epithelial cells of the endoderm as
proliferating hypostomal cells. does not imply that these two axes are homologous even
though they resemble one another; in both cases the axisA related point concerns the level of expression of bud-
head in the adult hypostome: it is lower than that found in is parallel to the body axis with the head at the anterior end.
Instead it simply suggests a homology in the developmentalthe developing head (compare Fig. 4A with Figs. 4B and 4C).
Since the rate of tissue turnover in the adult hypostome is mechanism underlying the formation of an axis.
Another possibility is that there could be a similar roleslow compared to the rate of head formation during budding
and regeneration, a lower level of budhead expression might for these genes in head formation. In addition to budhead,
Cnox-3, the hydra homologue of labial, is expressed in pre-be suf®cient.
sumptive head tissue (Shenk et al., in preparation). Further,
a homologue of the emx gene has been shown to be ex-
Parallels in Expression Patterns of Budhead and pressed in the head of Hydractinia, a close marine relative
the Vertebrate HNF-3b Orthologues Suggest of hydra (Mokady and Buss, pers. comm.). Since both labial
Evolutionary Conservation of Function and emx homologues are expressed in the developing heads
of vertebrates and Drosophila (McGinnis and Krumlauf,A question of considerable interest concerns the extent to
which the genes and the developmental mechanisms they 1992; Holland et al., 1992), their expression in the two hy-
droids also indicates conservation of genes involved in headparticipate in are common throughout metazoan evolution.
A comparison of the expression patterns of budhead and formation. Thus, it is plausible that a common set of genes
is used for head formation in animals in phyla spanningits vertebrate homologues is instructive in this regard. Dur-
ing the initial stages of budding or induced ectopic head most of metazoan evolution.
Finally, the two processes in which the hydra and verte-formation, budhead is expressed in the region with orga-
nizer activity. In the mouse, chick, zebra®sh, and Xenopus, brate HNF-3b homologues have similar expression patterns,
initiation of axis formation and head formation, may be partthe HNF-3b orthologues are expressed in the organizer re-
gion shortly before gastrulation (Dirksen and Jamrich, 1992; of the same process. In hydra, initiation of axis formation
begins with the commitment of tissue to head formation (LiKnoÈ chel et al., 1992; Ruiz i Altaba and Jessell, 1992; Sasaki
and Hogan, 1993; StraÈhle et al., 1993; Weinstein et al., 1994; and Yao, 1945; Sanyal, 1966; MuÈ ller, 1990). Hence, budhead
may have a single function which is related to head forma-Ruiz i Altaba et al., 1995; Bally-Cuif and Boncinelli, 1997).
Further, there is evidence that genes of this family play a tion. In amphibian embryos the organizer region consists
of two parts, one organizing the head and the other therole in organizer activities or axis formation. Introduction
of a dominant negative form of pintallavis, a Xenopus or- trunk (Spemann, 1938). Recent evidence suggests a similar
situation in other vertebrate embryos as well (Bally-Cuifthologue of HNF-3b, into early frog embryos interferes with
gastrulation (S. KnoÈ chel, pers. comm.). and Boncinelli, 1997). Vertebrate HNF-3b homologues are
expressed in the head organizer and hence, as in hydra, areAt a later stage, another parallel can be seen. As the head
is developing in hydra during bud formation or regeneration, related to head formation. These HNF-3b homologues are
also expressed in the trunk organizer where they have a rolebudhead expression becomes restricted to the developing
hypostome, which is the anterior or rostral part of the head. in notochord formation. Since diploblastic organisms have
no mesoderm, the common element between hydra andSimilarly, once gastrulation is under way in vertebrate em-
bryos, expression of vertebrate HNF-3b orthologues be- vertebrates here is the role of the HNF-3b homologues in the
head organizer. These considerations raise the intriguingcomes restricted to the axial mesoderm which will form
notochord as well as tissues involved in the formation of possibility that the molecular machinery for the head orga-
nizer, and hence head formation, originated in a commonthe rostral part of the head (for review, see Bally-Cuif and
Boncinelli, 1997). The strongest evidence for a role in the ancestor of all modern metazoans.
latter tissues is that in mice lacking HNF-3b, the develop-
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